The Tibetan Plateau (TP) is the roof of the world and water towers of Asia. However, research on hydrological processes is restricted by the sparse gauge network in the TP. The distributed hydrological model is an efficient tool to explore hydrological processes. Meanwhile, the spatial distribution of precipitation directly affects the precision of distributed hydrological modelling. The latest TRMM 3B42 (V7) precipitation was evaluated compared with gauge precipitation at station and basin scales in the Naqu River Basin of the TP. The results show that Tropical Rainfall Measuring Mission (TRMM) precipitation overestimated the precipitation with BIAS of 0.2; the intensity distributions of daily precipitation are consistent in the two precipitation data. TRMM precipitation was then corrected by the good linear relation between monthly areal TRMM precipitation and gauge precipitation, and applied into the Water and Energy Process model. The results indicate that the simulated streamflow using both precipitation data produce a good fit with observed streamflow, especially at monthly scale. Furthermore, the better relations between average slopes and runoff coefficients of sub-basins from the corrected TRMM precipitation-based model implies that the spatial distribution of TRMM precipitation is closer to the spatial distribution of actual precipitation, and has an advantage in driving distributed hydrological models.
INTRODUCTION
The Tibetan Plateau (TP), with an average altitude of over 4,000 m above sea level, is referred as the roof of the world (Royden et al. ) . With more than 36,000 glaciers having a total volume of over 4,000 km 3 located in the TP (Yao et al. ) , the TP is the headwater area of several major rivers (e.g. Nujiang-Salween, Yellow River, Yangtze River, and Lancang-Mekong River) in Asia. Nevertheless, research on hydrological processes of the region is rare, and limited by the sparse gauge network in the TP, especially around the source of Nujiang-Salween. On the one hand, the extremely high altitude and low population density result in a low density gauge network, which is a challenge for hydrological simulation due to the lack of accurate spatial distribution of meteorological elements (Wu et al. ) . On the other hand, the observed streamflow of Nujiang-Salween is scarce in the region. Therefore, hydrological research is seriously limited by the inadequate hydrometeorological data and cannot support water resource management in Nujiang-Salween. heterogeneity, which consists of the underlying heterogeneity and meteorological heterogeneity (Li et al. ) . The former can be represented by the spatial distribution of a digital elevation model (DEM), soil type, and land use. The latter includes the spatial distribution of precipitation, temperature, wind speed, and other meteorological elements. Nevertheless, the spatial distribution of meteorological elements is uncertain and inaccurate due to the influence of complex topography and the low density of the meteorological gauge network, especially the uneven spatial distribution of precipitation, which is the dominant meteorological element in driving distributed hydrological models (Gourley & Vieux ; Taesombat & Sriwongsitanon ) and usually obtained from rain gauges by spatial interpolation such as the Thiessen polygon method (Tabios & Salas ; Li et al. ) .
A number of quasi-global satellite-based precipitation products have been developed and applied to improve the accuracy (ACC) of spatial precipitation distribution in hydrological modelling (Stisen & Sandholt ) . Among them, the (Table 2) were calculated according to information from the China soil database (http://www.soil.csdb.cn).
Finally, the maps of land use and soil type were converted into grids with a resolution of 1.0 km to match the resolution of the distributed hydrological model.
METHODS

Hydrological model
The WEP model is a distributed physically-based model that has been widely used in different river basins in Japan, 
Statistical analysis methods
Contingency table indices
The contingency table (Table 3) is a key tool to evaluate the occurrence of precipitation events in a binary manner (Yes/ 
Statistic indices
The Pearson Correlation Coefficient (PCC) was employed to analyze the relation between gauge precipitation and TRMM precipitation at daily and monthly scales. Furthermore, Root
Mean Square Error (RMSE) and BIAS were also applied to validate the TRMM precipitation, expressed as follows:
where the P TRMM i , P
Gauge i are the TRMM precipitation and gauge precipitation of the i th day/month, respectively, and n is the total number of days/months. 3.0 × 10 À5 6.5 × 10 À6 2.5 × 10 À6 
Linear regression model
The linear regression model (LRM, Equation (8)) was applied to correct the TRMM precipitation based on the good linear relation between monthly TRMM precipitation and gauge precipitation. It should be noticed that the corrected TRMM precipitation can be negative, when the offset parameter a is negative and the TRMM precipitation is small. Therefore, the offset parameter a was set to 0 in order to avoid negative corrected TRMM precipitation.
Then scale parameter b can be estimated by the ordinary least-squares methods, Equation (9), and the corrected TRMM precipitation can be obtained by Equation (10). They are expressed as:
where the Q obs i is the observed streamflow of the i th day/ month, Q obs is the average value of the observed streamflow during the calibrated period, and Q sim i is the simulated streamflow corresponding to Q obs i .
RESULTS AND DISCUSSION
Evaluation of TRMM precipitationdaily scale
Statistical results of daily TRMM precipitation and gauge precipitation at station and basin scales during 1998-2013 are listed in Table 4 . As can be seen, the mean daily TRMM precipitation is more than the mean daily gauge precipitation in most stations, except for stations No. 55293 and No. 56018.
As a result, daily areal mean precipitation derived from Figure 3 , less than 60% of precipitation events were detected (PODs) and more than 40% of precipitation events were falsely predicted (FARs) in most of the stations, except for station No. 56223. Although the ACCs was greater than 70%, the CSIs and PCCs were less than 40% in all stations. The results are generally consistent with previous research in the TP (Chen et al. a, b, c) . In contrast, the daily areal TRMM precipitation performs better than the daily TRMM precipitation of stations with increasing POD and decreasing FAR. Nevertheless, the CSI and PCC of daily areal TRMM precipitation are still less than 60%. Consequently, it can be inferred that there is an obvious mismatch between daily gauge precipitation and TRMM precipitation in the Naqu River Basin.
According to daily precipitation intensity, daily precipitation is classified into five classes: no-rain (precipitation ¼ (Figure 4 (a)-4(h)), it is seen that for gauge precipitation, the no-rain category has the largest occurrence and occurs on about 60% of the total days, followed by mild precipitation, moderate precipitation, heavy precipitation, and severe precipitation, respectively. Meanwhile, the intensity distribution of TRMM precipitation is overall consistent with that of gauge precipitation at station scale, yet the norain days and mild precipitation days of TRMM precipitation are separately slightly less and more than that of gauge precipitation, respectively. The possible reason is that slight precipitations ( 0.1 mm) were omitted from the rain gauge record of meteorological stations in China. Moreover, it is worthy to note that the moderate precipitation days and heavy precipitation days occur on about 20% of the total days, but contribute nearly 80% of the total precipitation amount for both gauge precipitation and TRMM precipitation. The contribution of severe precipitation of TRMM precipitation is obviously larger than that of gauge precipitation, which is attributed to the overestimation of extreme precipitation in TRMM precipitation. However, the differences at basin scale are manifest (Figure 4(i) ). The mild rain days are obviously increasing along with the decrease in no-rain days, and have the largest precipitation occurrence in both gauge precipitation and TRMM precipitation. The reason is that daily precipitation is spatially averaged over the basin, which results in a decrease of daily areal precipitation and no-rain days, particularly for TRMM precipitation, with more uneven spatial distribution of daily precipitation. Meanwhile, the contribution of moderate precipitation is more than 50% of the total precipitation amount, which takes account of the largest proportion of both gauge precipitation and TRMM precipitation. The distribution of contributions of different precipitation classes in gauge precipitation are approximately in agreement with that of TRMM precipitation at basin scale.
Evaluation of TRMM precipitationmonthly scale
Statistical results for monthly TRMM precipitation and gauge precipitation during 1998-2013 are shown in Figure 5 shows the relation between monthly gauge precipitation and Table 5 . It is seen that monthly corrected TRMM precipitation shows an evident improvement with decreased RMSE and BIAS and approximately equals gauge precipitation. Therefore, the difference between total areal gauge precipitation and corrected TRMM precipitation over the basin is small, which can highlight the difference between the spatial distribution of gauge precipitation and corrected TRMM precipitation in hydrological simulation.
Hydrological processes simulation
As a distributed physically-based model, most of the physical parameters of the WEP model can be obtained from the physical inputs including the DEM, land use and soil database.
But there are still several empirical parameters such as Manning roughness for the overland flow routing calculation,
Manning roughness for the river flow routing calculation, the hydraulic conductivity between the surface river and groundwater, and hydraulic conductivity in the groundwater aquifer, which need to be calibrated by observed streamflow.
Therefore, the empirical parameters (Table 6) Then, the performance of daily streamflow driven by gauge precipitation and corrected TRMM precipitation were evaluated (Table 7) , and the results display that the NSCE and R 2 of daily simulated streamflow in flood season range between 0.58 and 0.77. The daily streamflow hydrograph (Figure 7) shows that simulated streamflow driven by the two precipitation data are consistent with the observed streamflow and to an acceptable extent in the flood season. Although daily streamflow driven by gauge precipitation produces a better fit to the observed streamflow than that driven by corrected TRMM precipitation, the performance of the two models is not very good with Subsequently, the performance of monthly streamflow driven by gauge precipitation and corrected TRMM precipitation were evaluated (Table 8) , and the results show that the NSCE and R 2 range between 0.86 and 0.91. Meanwhile the BIAS ranges from À4.7 to 5.71%, that is to say the monthly simulated streamflow driven by the two precipitation data agreed well with the observed streamflow in both calibrated and validated periods. Furthermore, the monthly streamflow driven by corrected TRMM precipitation performs slightly better than that driven by gauge precipitation according to the higher NSCE. In addition, the hydrograph of monthly streamflow (Figure 8 ) illustrates that the monthly simulated streamflow driven by the two precipitation data fit very well with the observed streamflow, which indicates that the WEP model is suitable for monthly streamflow simulation and corrected TRMM precipitation is adequate to force the model in the Naqu River Basin.
Additionally, Figure 9 displays the monthly BIAS of streamflow driven by the gauge precipitation-based model and corrected TRMM precipitation-based model. It can be seen that both gauge precipitation and corrected TRMM precipitation perform well in hydrological simulation in the The BIASs are more than 0.1 during March-May and less than À0.1 from September to the following January, which results in a small total streamflow BIAS. In contrast, monthly streamflow BIASs from the corrected TRMM precipitation-based model are more than 0.1 only during February-May.
The possible reason is that the gauge precipitation overestimates and underestimates the actual precipitation during
March-May and September-following January, respectively, in the Naqu River Basin. Accordingly, the overestimation (underestimation) of gauge precipitation at station scale will result in an overestimation (underestimation) of regional (polygon) gauge precipitation by the Thiessen polygon method, which will amplify the streamflow BIAS of the gauge precipitation-based model. Therefore, although the algorithms of TRMM precipitation estimation need to be improved to eliminate the overestimation of TRMM precipitation in the TP, the areal corrected TRMM precipitation is more accurate and stable in different months than the gauge precipitation due to its authentic spatial distribution.
Water balance analysis
The water balance component is an important indicator to test the validity of precipitation data (Li et al. ) , and the water balance components of the Naqu River Basin derived from the gauge precipitation-based model and corrected TRMM precipitation-based model are illustrated in Table 9 . The results show that the average annual precipitation over all of the Naqu river basin obtained from corrected TRMM precipitation is slightly larger than that from gauge precipitation during 1998-2013. As a result, the areal runoff derived from the TRMM precipitation based model is larger than that derived from the gauge However, the total areal precipitation of gauge precipitation is approximated to corrected TRMM precipitation, and the two models were calibrated by the same observed streamflow. Although the different empirical parameters also have an influence on the simulated streamflow, the difference in empirical parameters is originally derived from the difference in precipitation data. Consequently, it can be inferred that the difference in water balance components in the two models is essentially due to the difference between the spatial distribution of gauge precipitation and corrected TRMM precipitation at spatial scale.
Furthermore, mean annual precipitation and runoff coefficients (runoff/precipitation) of 132 sub-basins were calculated based on their water balance components ( Figure 10 ). This illustrates that the distribution of corrected TRMM precipitation is more authentic than that of gauge precipitation by the Thiessen polygon method. Yet, the distribution of runoff coefficients derived from the two models is consistent overall.
The runoff coefficients are an integrated index for the effect of underlying conditions on the precipitation-runoff process and is directly influenced by the slope of the sub-basin, which impacts on the distribution and redistribution of precipitation in distributed hydrological processes (Beven & Kirkby ) .
The relations between runoff coefficients and the average slope of sub-basins are shown in Figure 11 . It is seen that the relation from the corrected TRMM precipitation-based model is better than that from the gauge precipitation-based model, which implies that the runoff coefficients obtained from the TRMM precipitation-based model are more reasonable to represent the influence of geography on the rainfallrunoff process. The possible reason is that the empirical parameters in the gauge precipitation-based model were excessively calibrated due to the inaccurate distribution of gauge precipitation, thus the relation between slope and runoff coefficients have been impacted accordingly. Consequently, it can be concluded that the spatial distribution of TRMM precipitation is closer to the spatial distribution of actual precipitation than that of gauge precipitation by the Thiessen polygon method in the Naqu River Basin. As mentioned above, the distributed hydrological model driven by corrected TRMM precipitation presents a better understanding of the hydrological cycle in the Naqu River Basin, which is meaningful in supporting water resource management and economic development there. Furthermore, it can be concluded that TRMM precipitation is a potential and effective input for the distributed hydrological model, attributed to its advantage of spatial distribution of precipitation in sparse gauge regions, where the spatial interpolation method is limited by the extremely low density gauge network. Therefore, TRMM precipitation provides an important approach to simulating the hydrological cycle and reducing the hydrological uncertainty caused by the spatial heterogeneity of precipitation in ungauged or poorly gauged basins such as the Naqu River Basin. Nevertheless, there is still a demand for the algorithms of TRMM precipitation estimation in ACC and spatial-temporal resolution (Li et al. ) . Moreover, hydrologists should focus on the suitable method to correct TRMM precipitation according to regional precipitation characteristics, given the variable effects of climatic and underlying conditions on the spatial distribution of precipitation.
CONCLUSIONS
